Damodaran S, Evans RC, Blackwell KT. Synchronized firing of fast-spiking interneurons is critical to maintain balanced firing between direct and indirect pathway neurons of the striatum. J Neurophysiol 111: 836 -848, 2014. First published December 4, 2013 doi:10.1152/jn.00382.2013.-The inhibitory circuits of the striatum are known to be critical for motor function, yet their contributions to Parkinsonian motor deficits are not clear. Altered firing in the globus pallidus suggests that striatal medium spiny neurons (MSN) of the direct (D1 MSN) and indirect pathway (D2 MSN) are imbalanced during dopamine depletion. Both MSN classes receive inhibitory input from each other and from inhibitory interneurons within the striatum, specifically the fast-spiking interneurons (FSI). To investigate the role of inhibition in maintaining striatal balance, we developed a biologically-realistic striatal network model consisting of multicompartmental neuron models: 500 D1 MSNs, 500 D2 MSNs and 49 FSIs. The D1 and D2 MSN models are differentiated based on published experiments of individual channel modulations by dopamine, with D2 MSNs being more excitable than D1 MSNs. Despite this difference in response to current injection, in the network D1 and D2 MSNs fire at similar frequencies in response to excitatory synaptic input. Simulations further reveal that inhibition from FSIs connected by gap junctions is critical to produce balanced firing. Although gap junctions produce only a small increase in synchronization between FSIs, removing these connections resulted in significant firing differences between D1 and D2 MSNs, and balanced firing was restored by providing synchronized cortical input to the FSIs. Together these findings suggest that desynchronization of FSI firing is sufficient to alter balanced firing between D1 and D2 MSNs.
DOPAMINE DEPLETION LEADS TO an imbalance in the activation of the direct and indirect pathways of the striatum (Albin et al. 1989; DeLong 1990; Hikosaka et al. 2000; Mallet et al. 2006; Obeso et al. 2004) . The direct pathway is composed of striatal medium spiny neurons (MSNs) that express dopamine D1 receptors (D1 MSNs) and projects to both the substantia nigra pars reticulata and the internal segment of the globus pallidus. The indirect pathway is composed of MSNs that express dopamine D2 receptors (D2 MSNs) and projects to the external segment of the globus pallidus. The two populations of MSNs differ in their intrinsic excitability, with D2 MSNs more responsive to somatic current injection (Gertler et al. 2008) . Inhibitory circuits of the striatal network, including feedback inhibition from other MSNs and feedforward inhibition from fast-spiking interneurons (FSIs), modulate this excitability (Koós and Tepper 1999; Plenz 2003) . The contributions of these circuits to maintaining balanced firing between D1 and D2 MSNs in the network (Cui et al. 2013; Mallet et al. 2006) are not clear.
A strong source of GABAergic inhibition to MSNs is feedforward inhibition from the parvalbumin-positive (PVϩ) FSIs (Koós and Tepper 1999) . FSIs receive convergent input from multiple cortical regions (Ramanathan et al. 2002) and are interconnected by gap junctions that increase synchronicity of FSI firing (Hjorth et al. 2009; Traub et al. 2001) . Each FSI in turn projects to over 100 MSNs (Bennett and Bolam 1994; Kita et al. 1990) , and therefore synchronous activation of FSIs can have wide-spread effects. Dopamine depletion reduces the immediate-early gene response of PVϩ neurons in the striatum (Trevitt et al. 2005) , and, therefore, loss of dopamine might release MSNs from normal FSI inhibition, thus affecting the activation of the direct and indirect pathways. The effect of synchronicity of FSI firing, specifically the modulation of gap junctions, on MSN output and its contribution to striatal balance is not known.
Another source of GABAergic inhibition to MSNs is feedback inhibition from other MSNs. One of the differences between MSN and FSI input to MSNs is in their strength of inhibition (Koós and Tepper 1999) . Multiple factors contribute to this difference in strength, including the increased level of synchronization between FSIs, and the more proximal distribution of FSI synapses. Since it is difficult to investigate the effects of MSN inhibition experimentally, a realistic network model of the striatum is a plausible alternative approach.
In this paper, a computational model of the striatal network, consisting of multicompartmental models of 1,000 MSNs and 49 FSIs, was used to identify the inhibitory mechanisms critical for striatal balance. Simulation experiments show that network interactions produced balanced firing, which is disrupted with selective removal of FSI input, but not with removal of MSN input. The balancing effect of FSI inhibition is disrupted when gap junctions between FSIs are removed, suggesting that the base level of synchronization that these connections provide could be critical for FSIs to balance striatal firing.
MATERIALS AND METHODS
Ethics statement. All animal handling and procedures were in accordance with the National Institutes of Health animal welfare guidelines and were approved by the George Mason University institutional animal care and use committee.
D1 and D2 MSN models. D1 and D2 MSN models were generated by modifying a previously published MSN model (Evans et al. 2012) . The morphology of both MSN models was the same as this previous model, except with the spines removed (to improve computational efficiency), and consisted of 189 compartments with 4 primary dendrites which divide into 8 secondary and then 16 tertiary dendrites.
Each primary dendrite was 20 m long, secondary dendrites were 24 m long, and tertiary dendrites were composed of 11 compartments, each 36 m long. The kinetics of the channels included in the model were identical to the previous model (Evans et al. 2012 ). D1 and D2 MSN models were created by changing the maximal conductance of intrinsic and synaptic channels from values used for our previous MSN model (Table 1) , based on experimental data measuring the effect of D1 or D2 receptor agonists, as summarized in Nicola et al. (2000) and Moyer et al. (2007) . The maximal conductances of the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors of both MSN classes were additionally adjusted to maintain the NMDA-to-AMPA ratio of 2.75:1 measured in cortico-striatal terminals from dorsal striatum of adult animals (Ding et al. 2008) , as used previously (Evans et al. 2012) . Note that this value is considerably greater than the NMDA-to-AMPA ratio measured in the striatum from other striatal regions (ventral Ϫ0.22; Popescu et al. 2007) or from younger animals (ϳ1.0; Logan et al. 2007) .
For simulations that investigate the contribution of morphology differences between D1 and D2 MSNs in explaining differences in excitability, the number of primary dendrites for D1 MSNs was increased from 4 to 6 based on reconstructions of these neurons (Gertler et al. 2008) . The intrinsic channel properties of both MSN classes were set to match those of a D2 MSN for these simulations since this produced frequency-current (F-I) curves that matched experimental results most accurately.
FSI network. A previously published FSI network model was used (Hjorth et al. 2009 ) and extended to include chemical synapses, as seen experimentally (Gittis et al. 2010) . Each FSI in this network consisted of 127 compartments with a soma and 2 primary dendrites, which divide into 4 secondary and 8 tertiary dendrites. The channels incorporated in this model included a fast-sodium channel (NaF), voltage-dependent K ϩ (Kv) 3.1, Kv1.3 and slowly inactivating A-type (transient) potassium channel (KAs) (Kotaleski et al. 2006) . The gap junction connections between the FSIs were modeled as resistive elements between the primary dendrites, with a conductance of 0.5 nS, coupling coefficient of 25% and probability of gap junction connection between nearby FSIs of 0.3 (Galarreta and Hestrin 2002; Hjorth et al. 2009; Koós and Tepper 1999) . Chemical synapses were GABAergic, chloride-permeable channels [rise time constant, 1.33 ms; decay time constant, 4 ms; reversal potential, Ϫ60 mV; maximal conductance, 1 nS; (Gittis et al. 2010) ]. The probability of chemical synapse connection between FSIs was 0.58 (Gittis et al. 2010) and was independent of the probability of gap junction connection.
Striatal network. The striatal network consisted of 1,000 MSNs (500 D1 MSNs and 500 D2 MSNs) and 49 FSIs (see Fig. 2A ). The MSN-to-FSI ratio was based on experimental observations: each MSN receives input from 55% of nearby striatal FSIs (Tecuapetla et al. 2007) , and between 4 and 27 converge on the same MSN (Koós and Tepper 1999) . Based on these estimates, the 49 neuron FSI network corresponded to the FSI network seen by 1,000 postsynaptic MSNs. Although the percentage of FSIs is slightly larger than observed experimentally, a smaller number of FSIs would have incorrectly produced homogenous FSI input to each MSN in the network model. A heterogeneous network of neurons was generated by changing the KAs conductance (both MSNs and FSIs) and NMDA channel conductance (MSN only) by Ϯ10%. The range of activity of MSNs used in the network, in response to current injections, was within the range of experimentally observed responses (see Fig. 2B ; electrophysiology methods described below). The distance between each MSN soma in the model was 25 m both in the x-axis and the y-axis based on experimental observations (Tunstall et al. 2002) , resulting in a 775 ϫ 775 m 2 grid. At each grid location, the assignment of either D1 or D2 MSNs was random with probability ϭ 0.5.
The probabilities of connection of MSN-MSN and FSI-MSN synapses were modeled using a distance-based exponential function, tuned to match experimentally observed probabilities of connections (Gittis et al. 2010; Planert et al. 2010; Plenz 2003; Taverna et al. 2008 (Gittis et al. 2010) ], whereas the GABAergic synapses between MSNs had a maximal conductance of 0.75 nS with the same rise and decay times (Koos et al. 2004) . Note that GABAergic synapses in MSNs are depolarizing due to the hyperpolarized (Ϫ80 to Ϫ90 mV) resting membrane potential of mature MSNs (Wilson and Kawaguchi 1996) , coupled with GABA responses which reverse between Ϫ60 and Ϫ50 mV (Kita 1996; Mercuri et al. 1991; Tunstall et al. 2002) . The FSI-MSN synapses also were more proximal than MSN-MSN synapses (Oorschot et al. 2010) . The probability and strength of connection of MSN-MSN and FSI-MSN synapses in the network model were independent of the type of pre-or postsynaptic MSN (Planert et al. 2010) . The transmission delays were distance-based using a conduction velocity of 0.8 m/s for both FSI and MSN synapses (Tepper and Lee 2007; Wilson 1986; Wilson et al. 1990) .
Extrinsic synaptic input. Excitatory input to the striatum comes primarily from the cortex and thalamus. We simulated this glutamatergic input as Poisson distributed spike trains with a minimum time between spikes of 100 s. Both MSN classes in this model have 360 AMPA and NMDA synapses and 227 GABA synapses. Note that each Poisson train represents activity from more than one cortical neuron, and each synapse represents the population of synapses in a single isopotential compartment. Thus the 100-s minimum interspike interval is to prevent more than 1 spike per time step to each MSN. Each synaptic channel in the MSN model receives an input of 10 Hz during the upstate, which results in a total input of ϳ800 synaptic inputs per second and 1/20 of this input during down states (Blackwell et al. 2003) . Each FSI model has 127 AMPA synapses and 93 GABA synapses, resulting in a total AMPA input of 282 Hz and GABA input of 207 Hz, when 2 Hz input is provided to each synapse (Kotaleski et al. 2006) . To introduce correlations within both the MSN and FSI input, each spike from the set of spike trains was assigned to more than one synapse, with probability P ϭ 1/n, where n ϭ N Ϫ ͙ c͑NϪ1͒, where N ϭ number of synapses, and c ϭ 0.5 (Hjorth et al. 2009 ). For each neuron, starting from a single mother spike train per neuron, spike trains for each synapse were created by assigning the spike to that synapse if a uniform random number was greater than P. This produced a mean number of synapses activated by each spike of 1.4 for the control simulations. To introduce between-neuron input correlation, an additional shared set of input spikes was generated. The between-neuron input correlation was then adjusted by changing the fraction of input each neuron received from this shared pool (as opposed to the spike trains that were unique to each neuron). Unless otherwise stated, 30% of all excitatory synaptic input to either the FSI or MSN populations was shared; with FSIs and MSNs each having their own sets of shared inputs. This base level of between-neuron correlation was incorporated based on studies that report correlation among the cortical input to the striatum ( Values are % conductance value reported in Evans et al. (2012) .
cortical input was provided to FSIs to compensate for lack of gap junctions, the correlation value was doubled for FSI inputs only. The model was implemented in GENESIS (Bower and Beeman 2007) , and simulations used a time step of 100 s. The simulation time was 2 s with five 0.2-s duration upstates separated by 0.2-s duration downstates. Each upstate used a different set of cortical input spikes and thus was an independent observation of the network response. Each network simulation experiment took 3 wk to run. The cortico-striatal Poisson spike trains were generated using MATLAB (version 2007b, MathWorks) . The simulation and output processing software, along with the files used for the simulations, are freely available from the authors' website (http://krasnow1.gmu.edu/CENlab/) and modelDB (http://senselab.med.yale.edu/ModelDB/).
Analysis of spikes. Mean firing frequency during upstates was plotted by averaging across neurons of the same class using 10-ms time bins. The firing frequency was expressed as mean Ϯ SD of values obtained from five different upstates. To investigate the contribution of gap junctions on synchronization, cross-correlograms were constructed for each directly coupled neuron pair in the FSI network and then averaged over the network (Hjorth et al. 2009 ). Cross-correlograms also were constructed for directly coupled MSN pairs. Correlation was corrected for firing frequency by subtracting the shuffled cross-correlograms for the same network condition. Statistical analyses were performed using SAS. When only two groups were being compared, the procedure TTEST was used. When more than two groups were compared, one-way analysis of variance was performed using the GLM procedure with network condition as the independent variable and difference between D1 and D2 MSN frequencies as the dependent variable. Each of the five upstates was considered as an independent replication, and P Ͻ 0.05 was considered significant. Post hoc analyses used Bonferroni correction for multiple comparisons with P Ͻ 0.01 considered significant.
Electrophysiology for model tuning. Patch-clamp recordings were performed to obtain a range of responses of MSNs to somatic current injection (Fig. 2B ). C57B6 male and female mice (at least 20 days old) were anesthetized with isoflurane and decapitated. Brains were quickly extracted and placed in oxygenated ice-cold slicing solution (in mM: KCl 2.8, dextrose 10, NaHCO 3 26.2, NaH 2 PO 4 1.25, CaCl 2 0.5, Mg 2 SO 4 7, sucrose 210). Hemicoronal slices from both hemispheres were cut 350-m thick using a vibratome (Leica VT 1000S). Slices were immediately placed in an incubation chamber containing artificial cerebrospinal fluid (in mM: NaCl 126, NaH 2 PO 4 1.25, KCl 2.8, CaCl 2 2, Mg 2 SO 4 1, NaHCO 3 26.2, dextrose 11) for 30 min at 33°C, then removed to room temperature (21-24°C) for at least 90 more minutes before use.
A single hemislice was transferred to a submersion recording chamber (ALA Science) gravity-perfused with oxygenated artificial cerebrospinal fluid containing 50 M picrotoxin. Temperature was maintained at 30 -32°C (ALA Science) and was monitored with an external thermistor. Whole cell patch-clamp recordings were obtained from neurons under visual guidance using infrared differential interference contrast imaging (Zeiss Axioskop2 FS plus). Pipettes were pulled from borosilicate glass on a laser pipette puller (Sutter P-2000) and fire-polished (Narishige MF-830) to a resistance of 3-7 M⍀. Pipettes were filled with a potassium-based internal solution (in mM: K-gluconate 132, KCl 10, NaCl 8, HEPES 10, Mg-ATP 3.56, Na-GTP 0.38, EGTA 0.1, biocytin 0.77) for all recordings. Intracellular signals were collected in current clamp and filtered at 3 kHz using an Axoclamp2B amplifier (Axon Instruments) and sampled at 10 -20 kHz using an ITC-16 (Instrutech) and Pulse version 8.80 (HEKA Electronik). Series resistance (6 -30 M⍀) was manually compensated.
RESULTS

Changes in channel properties between D1 and D2 MSNs are sufficient to reproduce electrophysiological dichotomy.
Development of a network model of D1 and D2 MSNs required single-neuron models, which have similar intrinsic excitability to that seen experimentally (Gertler et al. 2008 ). Differences in morphology or intrinsic channel properties (Moyer et al. 2007; Nicola et al. 2000) have been proposed to explain the observation that D2 MSNs are more excitable than D1 MSNs (Gertler et al. 2008; Kreitzer and Malenka 2007) . We simulated the response to current injection in D1 and D2 MSNs created two different ways and compared these responses to experimental measurements.
We first evaluated whether the larger number of primary dendrites in D1 MSNs (Gertler et al. 2008 ) could explain the difference in D1 and D2 MSN excitability. The morphology of both MSN classes was modeled the same, except for the number of primary dendrites, with the D1 MSNs having six and the D2 MSNs having four (Gertler et al. 2008) . The intrinsic channel properties were the same between both MSN models (see MATERIALS AND METHODS) . In response to current injection, the D1 MSN model had significantly greater rheobase current than the D2 MSN model (D1 MSN, 210 pA; D2 MSN, 160 pA; Fig. 1C1 ). These results match experimental observations ( Fig. 1A ; Gertler et al. 2008) . However, the shape of the F-I curve ( Fig. 1C2 ) did not match experiments, and thus spiking activity differences were not accurately modeled by morphological differences alone.
Since anatomical differences were not sufficient to accurately describe electrophysiological differences between the D1 and D2 MSNs, the contribution of intrinsic channel differences alone in describing the excitability difference was investigated. The morphology of both neuron models was made the same, with each MSN model containing four primary dendrites. The channel properties were changed based on studies that measured the effects of D1 and D2 agonists on intrinsic and synaptic channels of both types of MSNs (Table 1) (Moyer et al. 2007; Nicola et al. 2000) . The differences between D1 and D2 MSN excitability in response to current injection, including the F-I curve, were replicated using these MSN models (Fig. 1B) . The rheobase current for D1 MSNs was 275 pA and for D2 MSNs was 155 pA. Intrinsic channel differences between D1 and D2 MSNs were thus sufficient to describe the dichotomy between D1 and D2 MSN spiking activity. This suggests that differences in excitability between D1 and D2 MSNs measured in identified neurons may be due to basal levels of dopamine present in the slice. These models (same morphology, differences in channels) were used for the remainder of the study.
Network inhibition balances excitability between D1 and D2 MSNs. To investigate the mechanisms that balance activation of the direct and indirect pathways, a striatal network model was developed. We used 500 each of the D1 and D2 MSN models, together with 49 FSIs to create the network ( Fig. 2A) . A heterogeneous network of these neurons was created using small random changes (within Ϯ10% of original value) in KAs and NMDA channel conductance, and this produced a range in rheobase current comparable to that observed experimentally on unidentified MSNs (Fig. 2B) . The probability of connections between MSNs was determined using an exponential distance-based function that matched the probabilities and strength of connections seen experimentally (see MATERIALS AND METHODS; Koós and Tepper 1999; Taverna et al. 2008) . The probability of FSI-MSN connections also was described using the exponential distance-based function, but these connections were made stronger and more proximal than the MSN inputs (Gittis et al. 2010; Planert et al. 2010) . The network (MSNs and FSIs) was activated with excitatory input from Poisson trains that represented cortical input and simulated up and down states (Fig. 2C) , as seen in organotypic cocultures and in anesthetized animals. For the simulations that explored singleneuron differences, which were described in the previous section, synaptic channels were not included; however, for all B1 Fig. 1 . Differences in intrinsic channel properties are sufficient to describe the dichotomy in excitability between D1 and D2 medium spiny neurons (MSNs). A: experimental observations of responses of D1 and D2 MSNs to current injection. [Adapted with permission from Gertler et al. 2008 .] A1: D1 MSNs have significantly higher rheobase current (median, 270 pA, n ϭ 35) than D2 MSNs (median, 130 pA, n ϭ 31). A2: frequency-current (F-I) plot of D1 and D2 MSNs demonstrate higher intrinsic excitability in D2 MSNs. B: models of D1 and D2 MSNs constructed with differences in intrinsic excitability reproduce electrophysiological dichotomy. The intrinsic channels with different properties are the L-type calcium channels, fast-sodium channels, slowly inactivating A-type (transient) potassium channel (KAs) and inward-rectifying potassium channels (KIR). B1: D1 and D2 MSN models have rheobase current of 275 pA and 155 pA, respectively. B2: F-I plot of these models reproduce experimentally observed differences in spiking activity. C: simulations suggest that models of D1 and D2 MSNs differentiated based solely on morphological differences do not replicate dichotomy in spiking activity. C1: D1 MSN models constructed with six primary dendrites and D2 MSN models constructed with four primary dendrites have rheobase currents of 210 pA and 160 pA, respectively. C2: the F-I plot of these MSN models does not replicate the dichotomy of D1 and D2 MSN excitability seen experimentally. network simulations, the synaptic channels of the MSN classes differed between D1 and D2 models as measured experimentally in response to dopamine agonists (Table 1 ; Nicola et al. 2000) . Figure 2D shows the firing rates of D1 and D2 MSNs, averaged across neurons and upstates, in response to cortical input and network inhibition. Both MSN classes had similar firing rates when connected in this network (D1 MSN: 10.77 Ϯ 2.16 Hz; D2 MSN: 9.59 Ϯ 1.53 Hz), representing balanced firing. These results, that D1 and D2 MSNs fire at similar frequencies in the network, are consistent with two in vivo studies: one in anesthetized rats (Mallet et al. 2006) , and another in awake, behaving mice where spike frequencies were measured between tasks (Cui et al. 2013) . Therefore, the imbalance in D1 and D2 MSN firing rates in response to current injection is overcome in the presence of synaptic excitation and inhibition in the network. This balanced firing was observed for a range of cortical input frequencies (Fig. 2E) .
Two different variations on inhibitory connectivity were evaluated to verify that the balanced network output does not depend on the specific connectivity results implemented. Some studies have reported slight imbalances in connectivity between D1 and D2 MSNs (Taverna et al. 2008; Tunstall et al. 2002) , specifically the higher occurrence of presynaptic D2 MSNs compared with presynaptic D1 MSNs (Taverna et al. 2008) . To confirm that the balanced network output was independent of these changes to MSN-MSN connectivity, simulations were repeated in a network with a higher probability of connection from presynaptic D2 MSNs (twice that of presynaptic D1 MSNs), and with stronger connections from presynaptic D2 MSNs (double the strength of connections from presynaptic D1 MSNs). This did not produce significant differences in the firing rates of either MSN class or in the balance produced in the network between the two MSN classes (D1 MSN: 11.66 Ϯ 3.36 Hz; D2 MSN: 10.06 Ϯ 3.12 Hz; P ϭ 0.153). Another possible variation in network connectivity is based on differences in connectivity between FSIs and MSNs. Experimental studies have reported both similar (Planert et al. 2010 ) and different probabilities of connections (Gittis et al. 2010 ) from FSI input to the two MSN classes. To confirm that the function of FSI-MSN synapses in balancing firing is independent of differences in connectivity, simulations were repeated with FSI connections to D1 MSNs 15% higher than FSI connections to D2 MSNs (Gittis et al. 2010 ). These changes did not produce significant changes in the firing rates of either MSN class in the intact network and was similar to that seen in the control condition (D1 MSNs: 10.16 Ϯ 2.35 Hz; D2 MSNs: 9.72 Ϯ 1.31 Hz; P ϭ 0.204). This suggests that the effects of FSI inhibition to striatal balance are independent of slight differences in connectivity from FSIs to the two MSN classes.
In order for network inhibition to balance firing, the intrinsic channels of the MSNs had to be differentially modulated between the MSN classes. When the differential intrinsic excitability of MSNs was produced through a difference in morphology alone (e.g., Fig. 1C ), the two MSN classes were imbalanced even in the presence of network inhibition and differences in synaptic channels (D1 MSN: 2.82 Ϯ 0.12 Hz, D2 MSN: 11.65 Ϯ 0.18 Hz; P Ͻ 0.01). The network also was imbalanced in the presence of synaptic modulation (Table 1) , but no intrinsic channel modulation (D1 MSN: 4.84 Ϯ 1.73 Hz; D2 MSN: 14.35 Ϯ 3.61 Hz). This suggests that intrinsic channel differences might allow D1 and D2 MSNs to be influenced differently by network inhibition. The interaction between network inhibition and intrinsic channels was investigated later in the study.
Inputs from FSIs are responsible for striatal balance. The contributions of the two main inhibitory circuits of the striatum to balanced MSN firing were studied next. These circuits are the local feedforward inhibition from FSIs to MSNs and the more numerous but weaker feedback inhibitory connections from MSNs to other MSNs. The differences in properties of MSN-MSN and FSI-MSN connections in our model are listed in Table 2 . Both types of synaptic inhibition were removed separately to observe their specific roles on MSN firing. Since MSN-MSN synapses were more widespread, two approaches were used to investigate the effect of their removal. In one simulation, removal of MSN-MSN synapses was followed by a replacement of ϳ30% of those GABAergic inputs with Poisson distributed input trains that had the same latency and frequency of MSN inputs as seen during the control condition. This was done to maintain the same number of GABAergic input as the FSI removal condition and to prevent a large increase in overall MSN firing from masking the specific effects that feedback inhibition had on the two MSN classes.
Simulations revealed that FSIs are more significant for balanced firing than MSNs. Removing FSI-MSN input resulted in increased firing in both MSNs, but produced even higher firing frequencies in D2 MSNs compared with D1 MSNs (D1: 13.17 Ϯ 5.96 Hz; D2: 19.79 Ϯ 5.31 Hz; Fig. 3A) .
In contrast to FSI removal, replacing the feedback inputs between MSNs produced a smaller change in the balance of firing between D1 and D2 MSNs (18% vs. 40% during FSI block), despite a greater overall increase in firing frequency ( Fig. 3B; To identify the properties of FSI-MSN synaptic connections that elicit differential responses from D1 and D2 MSNs, simulations were repeated with each property (conductance, proximity, latency) individually changed to match that of MSN-MSN synapses (see Table 2 ). FSI-MSN synapses with the conductance of MSN-MSN synapses produced a slight imbalance, but only during the beginning of the upstate, with the D2 MSNs firing more than the D1 MSNs (Fig. 3C) . A lack of proximal FSI-MSN synapses also produced a slight imbalance in the beginning of the upstate, again with the D2 MSNs firing more than the D1 MSNs (Fig. 3D) . Removing early FSI inhibition (adding a latency in FSI firing such that synaptic input from FSI arrives at a similar time as synaptic input from MSNs) did not produce any significant difference in striatal balance during the entire upstate (Fig. 3E) . GLM shows that all of these groups are significantly different from the no FSI-MSN group [F(3,19) ϭ 751.56, P Ͻ 0.05]. In summary, an isolated modulation of any one of these properties was not sufficient to reproduce the imbalance seen during the FSI block condition.
Synchronization of FSIs by gap junctions is critical for striatal balance. The contribution of FSI-FSI interactions to the balance of firing between D1 and D2 MSNs was investigated next. The FSIs are connected by GABAergic synapses [1 nS; connection probability of 0.58 (Gittis et al. 2010) ] and gap junctions [0.5 nS, connection probability of 0.3 (Koós and Tepper 1999) ]. Removing the GABAergic synapses did not cause a significant change to overall firing of FSIs (control: 16.89 Ϯ 1.68 Hz; no GABA: 16.45 Ϯ 1.51 Hz; P ϭ 0.703) or to the balance in firing between the two MSN classes (D1: 10.86 Ϯ 2.75 Hz; D2: 9.96 Ϯ 1.812 Hz, P ϭ 0.303). In contrast, removing gap junctions induced differential responses from D1 and D2 MSNs (D1: 6.55 Ϯ 1.61 Hz; D2: 15.02 Ϯ 3.93 Hz; P Ͻ 0.01; Fig. 4C ), despite producing a nonsignificant change in FSI firing frequency (control: 16.89 Ϯ 1.68 Hz; no gap: 17.58 Ϯ 1.32 Hz; P ϭ 0.161; Fig. 4A ). To confirm that the imbalance was not due to the slight increase in FSI firing, simulations were repeated in the absence of gap junctions with either a weaker cortical input (lower frequencies), or synchro- nous cortical input (see MATERIALS AND METHODS) to FSIs. Weaker cortical input restored FSI firing to the level that occurs in the presence of gap junctions, but did not restore the balance between D1 and D2 MSN firing (D1: 5.14 Ϯ 1.51 Hz; D2: 13.82 Ϯ 4.43 Hz). Synchronization of cortical input to FSIs with no gap junctions increased the level of synchronization between FSIs toward the level seen in the intact network (ϳ30% of control; Fig. 4B ). This increase in synchronization was sufficient to restore the balance between D1 and D2 MSN firing (D1: 7.99 Ϯ 1.82 Hz; D2: 7.79 Ϯ 1.55 Hz; Fig. 4D ). Removing FSIs leads to a reduction in overall synchrony of MSNs, suggesting that FSIs possibly modulate MSN synchrony in addition to affecting MSN balance (Fig. 4E) . GLM reveals that the differences in D1 and D2 MSN firing for the control, no gap junctions, no gap junctions ϩ weak input, and no gap junctions ϩ synchrony groups were significantly different [F(3,19) ϭ 439.33, P Ͻ 0.05]. Post hoc tests confirmed that no gap junctions ϩ synchrony did not differ from the control (P ϭ 0.653), and that both of these cases differed from the other two no gap junctions groups (P Ͻ 0.01). Collectively, these simulations show that input to MSNs from FSIs, which are weakly synchronized by gap junctions, produces balanced firing between D1 and D2 MSNs.
Direct modulation of intrinsic channels is sufficient to disrupt striatal balance. Given that differences in intrinsic channels are required to produce both the observed F-I curves and balanced firing, we investigated the contribution of individual channel differences between MSN classes on maintaining striatal balance in the intact network. Channel differences were eliminated by changing the maximal conductance of the channels in the D2 MSN to be identical to that of the D1 MSN for four channels: L-type calcium channels (CaL), fast-sodium Providing synchronous cortical input to FSIs when GJs are removed does not produce significant changes to FSI firing frequencies. B: cross-correlograms of FSIs during the same conditions as in A show that GJ removal decreases synchrony, and synchronous input restores synchrony, although not quite to the same level seen in the intact network. Note that synchrony is calculated between connected FSIs (Hjorth et al. 2009 ). Cross-correlogram between nonconnected FSIs reveals no synchrony (data not shown). Inset shows cross-correlograms over entire simulation period and depicts slight oscillatory behavior. C: firing frequencies of D1 and D2 MSNs when GJs between FSIs are removed. D2 MSNs fire at a significantly higher frequency compared with D1 MSNs. D: balance in firing is restored when synchronous cortical input is provided to FSIs during GJ block. E: cross-correlograms of MSNs during CNTL and no FSI conditions. In addition to leading to disruption of balance between D1 and D2 MSN firing, removing FSI results in decreased overall synchrony between MSNs. Inset shows cross-correlogram over entire simulation period. channels (NaF), inward-rectifying potassium channels (KIR), and slowly inactivating KAs (Table 1) . Removing the differences in conductance of any one of these channels, by setting the D2 conductance equal that of the D1 conductance, was sufficient to produce differential firing between D1 and D2 MSNs, with D2 MSNs firing more than D1 MSNs [ Fig. 5A ; F(4,24) ϭ 210.49, P Ͻ 0.05]. The most profound effect was seen when CaL was made the same between D1 and D2 MSNs, possibly due to the bigger difference in conductance of these channels compared with the other channels. To further investigate the role of CaL, simulations were repeated with CaL blocked in both D1 and D2 MSNs. Removal of CaL from both MSN classes did indeed disrupt striatal balance in the striatal network model (D1: 3.7 Ϯ 1.82 Hz; D2: 21.2 Ϯ 4.25 Hz), which is consistent with a recent in vitro study that showed blocking CaL produced imbalanced firing between D1 and D2 MSNs (FloresBarrera et al. 2011) .
The intrinsic channel differences that interact with correlated FSI input in balancing MSN firing were investigated next. Simulations revealed that, when the differences of each of CaL (Fig. 5B) , KAs, and KIR were removed in the absence of FSI-MSN synapses or gap junctions, the imbalance was no greater than the effect of removing intrinsic channel differences alone. Curiously, equalizing NaF channels eliminated the difference in firing between D1 and D2 MSNs produced by gap junction removal (Fig. 5B) . The difference in firing during this condition (NaF equal ϩ no gap junctions) was significantly different from either no gap junctions or equal NaF alone [F(2,24) ϭ 618.34, P Ͻ 0.05]. This suggests that NaF differences might be critical in allowing differential sensitivity of D1 and D2 MSNs to synchronous inhibitory input.
DISCUSSION
Recent studies have evaluated the contributions of differential cortical input (Mallet et al. 2006 ) and direct channel modulations (Flores-Barrera et al. 2011) on disrupting the balance in firing between D1 and D2 MSNs in the striatum. However, the role of striatal inhibitory circuits in modulating striatal balance is not clear. We constructed a striatal network model of MSNs and FSIs to identify the inhibitory circuits that modulate MSN excitability differently between the two classes. The model was based on a previously published FSI network model (Hjorth et al. 2009 ) and MSN single-neuron model (Evans et al. 2012 ). We found that removing FSI inhibition or reducing the correlation between FSI action potentials by blocking gap junctions produced imbalanced firing between D1 and D2 MSNs (Fig. 6) . Additionally, intrinsic and synaptic channels of MSNs interact with these inhibitory mechanisms to modulate differences in firing between the two MSN classes.
FSI inhibition produces striatal balance by reducing D2 MSN activity. In our striatal network model, feedforward inhibition from FSIs was found to inhibit D2 MSNs more than D1 MSNs. Since D2 MSNs have a higher intrinsic excitability, the increased inhibition by FSIs brings the level of D2 MSN firing down to that of D1 MSNs. The striatal network model by Humphries et al. (2009) that uses Izhikevich neurons suggests that removing FSIs might alternatively lead to a decrease in overall MSN firing. In their network model, they use an FSI-MSN conductance five times stronger than their MSN- Fig. 5 . Effects of modulating channel properties and their interaction with inhibitory input on affecting striatal balance. A: equalizing L-type calcium channels (CaL), fastsodium channel (NaF), KAs, or KIR produces imbalance between D1 and D2 MSN firing (P Ͻ 0.01 for all conditions). B: when CaL or KAs/KIR (data not shown) conductances are equalized between D1 and D2 MSNs, removing FSIs or GJs does not affect the imbalance in firing. When NaF properties are equalized, removing GJs no longer produces the significant difference in firing between the two MSN classes, restoring balance in firing between D1 and D2 MSNs. . Summary of conditions that produce Parkinsonian imbalance and conditions that restore striatal balance. This schematic shows the nature of connections between FSI and MSNs and between MSNs, and the effect of removing these connections. When input from FSIs (black) to D1 (gray) and D2 (gray) MSNs is removed, D2 MSNs fire more than D1 MSNs. When GJs between FSIs are removed, D2 MSNs again fire at higher frequencies compared with D1 MSNs. These two cases have been labeled as Parkinsonian imbalance. In the latter case, balance is restored when the synchronicity of FSIs is increased by alternative means, such as providing highly correlated cortical input to the FSIs. Making NaF the same between D1 and D2 MSNs also restores balance during GJ block. The network output seen in the CNTL network where the connections are intact is labeled as striatal balance. Glutamatergic input to both FSIs and MSNs, along with feedback connections between MSNs, have been omitted from the schematic to highlight the effect of FSI-MSN connections on striatal balance. MSN conductance. This ratio, lower than that used in our network model, combined with the somatic location of all their MSN synapses, implies that removing FSI synapses eliminates a much smaller fraction of the total inhibitory synaptic current than in our model. Our FSI-MSN-to-MSN-MSN conductance ratio was estimated based on a recent experimental paper that uses transgenic mice (Gittis et al. 2010 ) that suggests that the FSI-MSN conductance is closer to 8 nS, which is the value used in this paper.
Selective inhibition of FSIs in the striatum recently was shown to produce dyskinesia in mice (Gittis et al. 2011b ) and a mixed effect on MSN firing, with 54% of MSNs having increased firing rates and 38% having reduced firing rates. This is consistent with our results that show that the two populations of MSNs have disparate responses to FSI removal. Although that experimental study did not record from identified D1 and D2 MSNs, our simulations predict that the recorded neurons with reduced firing were D1 MSNs, and the neurons with increased firing were D2 MSNs. In that study, block of FSIs produced dyskinesia, and not the hypokinesia typically observed with excess D2 MSN firing (Kravitz et al. 2010) , which suggests that the most significant behavioral effect of FSI block may be caused by changes in MSN synchrony, and not an imbalance in firing. Alternatively, dyskinesia may be caused by changes in synchrony interacting with the modest imbalances in firing produced by selective block of FSI activity, as opposed to the strong imbalance and synchronous firing produced by optogenetic stimulation of D2 MSNs. This hypothesis is consistent with our finding, that removing FSI inhibition results in a reduction in overall MSN synchrony and an imbalance in firing between the two MSN classes.
Although inhibition from FSIs and MSNs constitute a critical part of inhibitory input to MSNs, they are not the only sources of inhibition. MSNs receive inhibitory input from other interneurons in the striatum and also from GABAergic projection neurons in the globus pallidus (Mallet et al. 2008 (Mallet et al. , 2012 that innervate both MSNs and interneurons. The contributions of these other inhibitory sources to MSN balance must also be explored to form a complete picture of the contribution of inhibitory input on striatal balance.
Desynchronization of FSIs is sufficient to disrupt striatal balance. Reducing the correlation between FSIs by removing gap junctions disrupts the balance in firing between the D1 and D2 MSNs. The strength of FSI inhibition is modulated by the presence of gap junctions that reduce the number of FSI action potentials and increase the level of synchronization between the FSIs (Hjorth et al. 2009; Traub et al. 2001) . Simulations were performed to confirm that the ability of FSIs to balance firing between D1 and D2 MSNs was not dependent on the level of input correlation (data not shown). Direct measures of FSI correlation in vivo are problematic due to the low numbers of FSIs in the striatum; however, the entrainment of FSIs to the striatal gamma rhythm (Berke 2009; Berke et al. 2004) suggests some degree of correlation among FSIs. The small reduction in FSI correlation due to removal of gap junctions was sufficient to produce striatal imbalance in our network model. That synchronization of FSIs is critical for striatal balance was confirmed when increasing the level of correlation between cortical inputs to FSIs restored the balance. Our finding that a change to correlation between FSIs did not change the mean firing of MSNs in the network is consistent with another computational study that used simplified singleneuron models to study the effects of correlated inputs on striatal function (Yim et al. 2011) . This implies that, even though changes to correlation between FSIs might not affect overall firing frequency of MSNs, they can modulate D1 and D2 MSN firing rates differently. This suggests that changes to FSI synchrony can lead to targeted activation of a population of MSNs without changing the overall activity. Gap junctions can thus act as a key modulator of striatal balance because of their specific role in FSI synchronization.
For the FSI-FSI connections in our network, we did not use distance-dependent connections because of the relatively small size of the network. We confirmed that fixed probabilities and distance-dependent probabilities produce similar synchronization levels in our network (data not shown). This is in contrast to the results presented in a recent computational study (Lau et al. 2010 ) that reports that the synchronous activity of the network is sensitive to the connection type between the neurons (local vs. global). We think that this contrast in results might be due to the difference in network architectures between that study and this present study. Their network model consisted of 200 neurons arranged in a one-dimensional lattice compared with our two-dimensional, 49-neuron network.
The imbalance produced by gap junctions was altered in our model by modulating NaF. Lowering the conductance of NaF channels in D2 MSNs (to that of D1 MSNs) increased the firing frequency of D2 MSNs, but it also changed their sensitivity to FSI input. With lowered NaF conductance in D2 MSNs, removing FSI inhibition produces a smaller increase in firing frequency than in the control case. This result in the striatum is similar to that reported recently in the globus pallidus. Edgerton et al. (2010) found that, in the presence of synaptic excitation, the density of NaFs can alter the sensitivity of globus pallidus neurons to synaptic inhibition. The novel aspect of our result is that eliminating the correlation among FSIs restored the balance when NaF is the same in D1 and D2 MSNs. A possible mechanism is that the synchronized FSI inputs, in combination with elevated NaF conductance, may enhance NaF inactivation, leading to lower firing rates. Either lower NaF conductance or desynchronized FSI inputs avoid this NaF inactivation, permitting higher firing of D2 MSNs. This mechanism is analogous to the enhancement in hippocampal FSI firing produced by Kv3.1 (Erisir et al. 1999) . Evaluation of the inactivation gate variable of NaF of D2 MSNs was not different between the different conditions (data not shown), possibly because of the increase in the firing frequency of D2 MSNs in the lower NaF condition. The increase in firing in the D2 MSNs is predicted to increase inactivation, which may mask the predicted reduction in inactivation per spike.
Functional implications of dopamine. Dopamine may modulate the ability of FSIs to control striatal balance. Dopamine depletion has been shown to reduce the immediate-early gene response of PVϩ neurons in the striatum (Trevitt et al. 2005 ). In addition, FSIs are depolarized by dopamine through D1/D5 receptors (Bracci et al. 2002; Centonze et al. 2003) , and thus reduced dopamine can result in lower FSI input to both MSN classes. This makes reduction of FSI input a potential mechanism of disrupting striatal balance during dopamine depletion.
The excitability differences between D1 and D2 MSNs in our model are due to modulation to synaptic and intrinsic channels. Changes to intrinsic channels were sufficient to replicate firing frequency differences between the two MSN classes in response to current injection (Fig. 1 ) measured in identified D1 and D2 MSNs. This implies that the intrinsic excitability of D1 and D2 MSNs in the absence of dopamine should be more similar than in the control condition. This is consistent with recent studies using transgenic mice (Chan et al. 2012; Day et al. 2006 ), where the current-firing frequency curves of D1 MSNs in the control and dopamine-depleted condition were indistinguishable, whereas that of the D2 MSN had diminished considerably in the dopamine-depleted condition. This reduced firing frequency profile of the D2 MSN during dopamine depletion was much closer to that of the D1 MSN than it was in the control condition (Chan et al. 2012) , suggesting that "intrinsic" differences in channel differences might be largely due to basal dopamine in slice preparations.
Modulation of MSN excitability by direct changes to properties of the intrinsic channels can also disrupt balanced striatal firing. In particular, CaL have previously been identified as one of the key targets through which dopamine balances excitability in the striatal network (Flores-Barrera et al. 2011; Surmeier et al. 2007 ). Additionally, CaL are located near cortical synaptic inputs (Freund et al. 1984; Higley and Sabatini 2010) and may be involved in corticostriatal integration. Flores-Barrera et al. (2011) showed that blocking CaL produces imbalanced firing of D1 and D2 MSNs in response to synchronous input. Here, we show that striatal imbalance is also produced during block of CaL in response to asynchronous, in vivo-like input. Further removal of either FSI inputs or FSI correlation does not enhance the imbalance. This effect is also observed when CaL is increased in the D2 MSNs to match that of D1 MSNs. These results suggest that modulations to FSI inputs and to CaL on MSNs might have similar effects on MSN excitability. However, an alternative explanation for occlusion of the effect of removing FSI inputs is that the difference in firing between D1 and D2 MSNs has reached its maximum in the absence of differential CaL. Thus our simulations suggest that the absence of dopaminergic modulation of CaL may be a mechanism whereby dopamine depletion disrupts striatal balance.
An imbalance in firing between D1 and D2 MSNs is not the only striatal mechanism considered to produce pathological globus pallidus activity. Changes to synchrony among MSNs have also been suggested to occur after loss of dopamine (Burkhardt et al. 2007; Costa et al. 2006) . Experimental and computational studies have shown that synchronously firing MSNs dynamically appear after dopamine depletion (CarrilloReid et al. 2008; Humphries et al. 2009 ), with recent largescale simulations suggesting that the feedback inhibitory connections between MSNs support the formation and switching between synchronous assemblies of MSNs (Ponzi and Wickens 2010). It is not clear whether dopamine also causes a change in FSI correlation, and whether changes to FSI correlation would contribute to the change in MSN synchrony.
A recent in vivo study reported that dopamine depletion leads to doubling of FSI input to D2 MSNs (Gittis et al. 2011a) . Simulations done in that study predicted that this remodeling of FSI input increased the level of synchronization between MSNs. Doubling FSI input to D2 MSNs did not affect striatal balance in our network model (data not shown), suggesting that different mechanisms might be involved in producing imbalanced vs. synchronous firing in the striatum. The link between striatal imbalance and increased correlation of MSNs thus should be explored further.
In summary, using a large-scale network model of heterogeneous, biologically realistic striatal neurons, we have demonstrated a critical role for the synchronization of FSIs through gap junctions in maintaining a balance between the direct and indirect pathway neurons of the striatum. We have also shown that the FSI control of this balance is mediated through channels governing intrinsic excitability differences between the D1 and D2 MSNs, specifically the NaFs and CaL. 
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